We describe results from IMmotion150, a randomized phase 2 study of atezolizumab (anti-PD-L1) alone or combined with bevacizumab (anti-VEGF) versus sunitinib in 305 patients with treatment-naive metastatic renal cell carcinoma. Co-primary endpoints were progression-free survival (PFS) in intent-to-treat and PD-L1+ populations. Intent-to-treat PFS hazard ratios for atezolizumab + bevacizumab or atezolizumab monotherapy versus sunitinib were 1.0 (95% confidence interval (CI), 0.69-1.45) and 1.19 (95% CI, 0.82-1.71), respectively; PD-L1+ PFS hazard ratios were 0.64 (95% CI, 0.38-1.08) and 1.03 (95% CI, 0.63-1.67), respectively. Exploratory biomarker analyses indicated that tumor mutation and neoantigen burden were not associated with PFS. Angiogenesis, T-effector/IFN-γ response, and myeloid inflammatory gene expression signatures were strongly and differentially associated with PFS within and across the treatments. These molecular profiles suggest that prediction of outcomes with anti-VEGF and immunotherapy may be possible and offer mechanistic insights into how blocking VEGF may overcome resistance to immune checkpoint blockade. 
A berrant angiogenesis and antitumor immune suppression are hallmarks of many cancers. Clear-cell renal cell carcinoma (RCC) is associated with a hyperangiogenic state due to overproduction of vascular endothelial growth factor (VEGF) as a result of inactivation of the von Hippel-Lindau tumor-suppressor gene (VHL) 1, 2 . Over the last decade, treatment for metastatic RCC (mRCC) has focused on targeting the VEGF signaling pathway with receptor tyrosine kinase inhibitors, such as sunitinib, or monoclonal antibodies that block VEGF, such as bevacizumab. Although VEGF pathway blockade is effective in many patients, it is associated with development of resistance 3, 4 . Expression of the immune checkpoint molecule programmed death-ligand 1 (PD-L1) on tumor cells and/or tumor-infiltrating immune cells (IC) has been reported to suppress antitumor immunity and is associated with poor prognosis in mRCC [5] [6] [7] [8] [9] [10] . Ligation of PD-L1 to its receptor, programmed death-1 (PD-1), on T cells results in inhibition of proliferation and effector function of T cells [11] [12] [13] . Atezolizumab is a humanized engineered immunoglobulin G1 monoclonal antibody that selectively targets PD-L1 to block its interaction with PD-1 and the co-stimulatory molecule B7.1 to reinvigorate tumor-specific T-cell immunity. PD-L1/PD-1 inhibitors, including atezolizumab, have shown durable responses in patients with previously treated mRCC 8, 14 . In addition to its well-characterized role in angiogenesis, VEGF is also believed to play a role in cancer immune evasion [15] [16] [17] [18] . Data from preclinical models and phase 1 studies suggest that anti-VEGF might enhance the antitumor activity of immune checkpoint blockade by improving T-cell infiltration, upregulating major histocompatibility complex class I expression, and reversing myeloid immunosuppression 15, 16, [19] [20] [21] [22] . A phase 1 study combining atezolizumab and bevacizumab established the combination to be welltolerated in RCC, with evidence of augmentation of antitumor immunity and encouraging antitumor activity compared with historical experience with either single agent alone 21 .
Clinical activity and molecular correlates of response to atezolizumab alone or in combination with bevacizumab versus sunitinib in renal cell carcinoma David F. McDermott 1 PR) with atezolizumab + bevacizumab, atezolizumab monotherapy, and sunitinib, respectively (Fig. 1c) . In PD-L1+ patients, the ORRs were 46% (12% CR, 34% PR), 28% (15% CR, 13% PR), and 27% (7% CR, 20% PR) with atezolizumab + bevacizumab, atezolizumab monotherapy, and sunitinib, respectively (Fig. 1c) . As of the clinical cutoff date of 17 October 2016, 148 investigator-assessed (INV) PFS events were observed in the atezolizumab + bevacizumab and sunitinib arms combined and 154 INV PFS events were observed in the atezolizumab monotherapy and sunitinib arms combined. The concordance between INV PFS ( Supplementary Fig. 2 ) and independent review facility-assessed PFS (Fig. 1a,b) was 77% for all patients and was similar between study arms. PFS in key subgroups with atezolizumab + bevacizumab and atezolizumab monotherapy versus sunitinib is shown in Supplementary Fig. 3 and Supplementary  Table 3 . Of note, we observed a trend for improved efficacy (PFS) with higher expression of PD-L1 with atezolizumab + bevacizumab and for atezolizumab monotherapy versus sunitinib at a PD-L1 cutoff of ≥ 5% (unstratified analysis; Supplementary Fig. 3 ).
Safety. Treatment-related adverse events (AEs) leading to discontinuation occurred in 9% of patients in the atezolizumab + bevacizumab arm, 3% in the atezolizumab monotherapy arm, and 9% in the sunitinib arm (Table 2 ). In the atezolizumab + bevacizumab group, proteinuria was the most common related AE leading to treatment discontinuation (5%). With sunitinib, the most common related AEs leading to treatment discontinuation were increased blood creatinine and palmar-plantar erythrodysesthesia syndrome (2% each). With atezolizumab monotherapy, nephritis, pancreatitis, and demyelination (1% each) were the treatment-related AEs leading to discontinuation of treatment. Supplementary Fig. 4 shows all-cause AEs occurring at frequency of ≥ 20% in the atezolizumab + bevacizumab and sunitinib arms or in the atezolizumab monotherapy and sunitinib arms, with a difference in incidence between the two arms of ≥ 5%; select AEs of special interest and all AEs occurring in ≥ 20% of patients in any of the three arms are also shown.
Molecular correlates of clinical outcome.
We conducted exploratory studies to evaluate molecular biomarkers, including gene expression and somatic mutations, relevant to the disease and tumor immune biology in RCC and their association with clinical outcomes within each treatment group and across treatment groups. Demographic and baseline characteristics in biomarker subgroups were generally consistent with those in the ITT population (Supplementary Table 1) .
A heatmap of genes previously defined and representing angiogenesis 23 and immune biology 24, [29] [30] [31] [32] [33] in 263 evaluable pretreatment tumors (Fig. 2a) showed distinct biological subgroups based on relative expression levels of angiogenesis (Angio), immune (including T-effector presence and function, IFN-γ response, checkpoint inhibitors, and antigen presentation), and myeloid inflammationassociated genes. The subgroup with high expression of the Angio gene signature (Angio High ) was characterized by relatively higher vascular density as evaluated by CD31 IHC (Fig. 2b) , whereas the subgroup with high expression of the T-effector (T eff ) gene signature (T eff High ) was positively associated with protein expression of PD-L1 on IC by IHC (Fig. 2c) and CD8 T-cell infiltration (Fig. 2d) , indicative of pre-existing adaptive antitumor immunity. Additionally, differential expression of genes associated with myeloid inflammation within the T eff High and T eff Low subgroups was observed, suggesting further functional subcategories of these tumors (Fig. 2a) . The associations of clinical outcomes in these biological subgroups within each treatment arm and across treatment arms are shown in Supplementary Table 2 . The following comparisons represent a subset of the larger analysis. Biomarker associations with clinical outcomes are discussed when the 95% CI for HR did not cross 1 for PFS evaluation and when the 95% CI were non-overlapping for ORR comparisons.
To determine whether highly angiogenic tumors were more responsive to antiangiogenic therapy, we investigated the association of the Angio gene signature with clinical outcome in each treatment arm. High expression of the Angio gene signature, based on median signature score, was associated with improved ORR (46% in Angio
High versus 9% in Angio Low ; Fig. 2e ) and PFS (HR 0.31; 95% CI, 0.18-0.55; Fig. 2f ) within the sunitinib treatment arm. When evaluated across treatment arms, no apparent difference in PFS was observed in the Angio High subgroup between the atezolizumab + bevacizumab and sunitinib arms or between the atezolizumab monotherapy and sunitinib arms (Fig. 2h) . In the Angio Low subgroup, atezolizumab + bevacizumab demonstrated improved PFS versus sunitinib (HR 0.59; 95% CI, 0.35-0.98; Fig. 2g ).
We next asked whether the presence of a pre-existing immune response, as identified by expression of the T eff gene signature, may be associated with clinical benefit to immunotherapy-containing regimens. High T eff gene signature expression, based on median signature score, was associated with improved ORR (49% in T eff High versus 16% in T eff Low ; Fig. 2i ) and PFS (HR 0.50; 95% CI, 0.30-0.86; Fig. 2j ) versus low T eff gene signature expression within the atezolizumab + bevacizumab arm (Fig. 2j) . When compared across treatment arms, high T eff gene signature expression was associated with improved PFS with atezolizumab + bevacizumab versus sunitinib (HR 0.55; 95% CI, 0.32-0.95; Fig. 2l ).
Given that myeloid inflammation has been associated with suppression of the antitumor adaptive T-cell response 18 , we next investigated the contribution of the myeloid inflammation signature to clinical outcome. High myeloid inflammation gene signature expression (Myeloid High ), based on median signature score, was associated with reduced PFS in the atezolizumab monotherapy arm (HR 2.98; 95% CI, 1.68-5.29) and, to a lesser extent, in the atezolizumab + bevacizumab arm (HR 1.71; 95% CI, 1.01-2.88), but not in the sunitinib arm (Supplementary Table 2) . When compared across treatment arms, Myeloid
High was associated with worse PFS with atezolizumab monotherapy versus sunitinib (HR 2.03; 95% CI, 1.21-3.40); however, this was not observed between atezolizumab + bevacizumab versus sunitinib (Supplementary Table 2 ).
In addition to evaluation of gene expression signatures that distinguish the clinical activity of atezolizumab + bevacizumab versus sunitinib, we investigated gene expression profiles that may differentiate the activity of atezolizumab + bevacizumab versus atezolizumab monotherapy. T eff , Angio, or myeloid inflammation gene expression signatures did not differentiate activity of atezolizumab + bevacizumab versus atezolizumab monotherapy when evaluated across the respective dichotomized expression subgroups (Supplementary Table 2 ). The heat map of the three gene signatures (Fig. 2a) Table 2) . When compared across treatment arms, atezolizumab + bevacizumab showed improved PFS compared with atezolizumab monotherapy (HR 0.25; 95% CI, 0.10-0.60; Fig. 2n ). No apparent difference in PFS was observed between atezolizumab + bevacizumab and atezolizumab monotherapy in the T eff
High

Myeloid
Low subgroup (Fig. 2m) . The presence of genomic instability, as identified by tumor mutation burden (TMB) and tumor neoantigen burden (TNB), has been associated with improved clinical outcome to checkpoint inhibitors 25, 34, 35 . In addition, small insertions and deletions (indels) and associated frameshift mutation burden (FMB) have been associated with increased immunogenicity in RCC 36 . However, to our knowledge, these markers of potential immunogenicity have not been previously studied in a randomized setting in mRCC. Wholeexome sequencing of 201 tumors and matched peripheral blood mononuclear cells showed that the median expressed TMB was 30 (range, 1-309; 95% CI, 27-32), the median TNB was 8 (range, 0-79; 95% CI, 7-9), the median indel load was 3 (range, 0-113; 95% CI, 2.4-3.9), and the median FMB was 2 (range, 0-55; 95% CI, 1.5-2.6). Notably, no apparent association was found between TMB, TNB, indels, or FMB and intratumoral T eff gene signature ( Supplementary  Fig. 5 ) or clinical benefit in any of the three treatment arms ( Fig. 3a and Supplementary Fig. 6 ).
Evaluation of disease-associated biology showed that two of the most frequently mutated genes in this patient population were VHL (62%) and PBRM1 (44%; Fig. 3b ). Mean Angio gene signature expression was higher in both VHL and PBRM1 mutants than in nonmutants ( Supplementary Fig. 7 ). No apparent association was observed between VHL mutation status and PFS in any treatment group (Supplementary Fig. 8 ). Within-treatment-arm evaluation showed that PBRM1 mutations were associated with improved PFS in the sunitinib group (HR 0.38; 95% CI, 0.20-0.73; Fig. 3c ). When compared across treatments, atezolizumab monotherapy was associated with worse PFS than sunitinib (HR 2.49; 95% CI, 1.26-4.91), and atezolizumab + bevacizumab showed improved PFS versus 
Discussion
IMmotion150 is the first randomized study to evaluate the clinical activity of the combination of an antiangiogenesis agent and an immune checkpoint inhibitor in treatment-naive patients with mRCC. It is distinguished from other ongoing randomized trials investigating checkpoint inhibition in untreated mRCC by the inclusion of a PD-L1/PD-1 inhibitor monotherapy arm. The combination of atezolizumab + bevacizumab produced encouraging efficacy versus the most commonly applied kidney cancer therapy, sunitinib, in the subgroup of patients with tumors expressing PD-L1 on ≥ 1% of IC (54% of enrolled patients). This finding was further supported in a randomized phase 3 study (IMmotion151, NCT02420821) 37 . Atezolizumab also demonstrated antitumor activity when administered as a single agent and was well tolerated. Of note, the high response rate observed with atezolizumab monotherapy, including complete responses, support further investigation, including in the adjuvant setting for patients with resected high-risk RCC (IMmotion010, NCT03024996). Safety in the atezolizumab + bevacizumab arm and the atezolizumab monotherapy arm was consistent with previous data for each drug alone, and AEs leading to treatment discontinuation were low.
A consistent trend of increasing efficacy with increasing levels of PD-L1 IC expression across both atezolizumab containing arms underscores the relevance of pre-existing immunity for differentiating the activity of atezolizumab and atezolizumab + bevacizumab from sunitinib in mRCC. This was particularly true in the atezolizumab + bevacizumab arm, in which bevacizumab appeared to enhance antitumor activity in immunogenic tumors. The predictive relevance of PD-L1 expression on IC is further supported by the strong correlation of PD-L1 IC as determined by IHC with the T eff immune gene signature. These findings are consistent with results from other recently reported studies in mRCC 38, 39 . Specifically, in a phase 3 study evaluating ipilimumab + nivolumab versus sunitinib, improved clinical benefit was observed in patients expressing PD-L1 on tumor cells (24% of enrolled patients) 39 . These data support development of PD-L1 IHC and/or an immune gene expression signature based diagnostic or enrichment strategy in treatment-naive patients with mRCC.
To further identify determinants of differential activity across the three treatment groups, we interrogated three biological axes that we hypothesized play a role in the response to the treatment regimens studied: tumor angiogenesis, pre-existing immunity, and immunosuppressive myeloid inflammation. Sunitinib efficacy was enriched in highly angiogenic tumors (Angio High ) and, in agreement with previous reports 40 , coincided with tumors exhibiting PBRM1 mutations. The combination of atezolizumab + bevacizumab improved clinical benefit compared with sunitinib in T eff High tumors. Atezolizumab monotherapy was effective in tumors with pre-existing immunity and a relatively lower expression of myeloid inflammation-associated genes (T eff High Myeloid Low ), but less so in immunogenic tumors with concomitantly high myeloid inflammation (T eff High Myeloid High ). Myeloid inflammation associated with high expression of IL-6, prostaglandins, and the CXCL8 family of chemokines has been implicated in accumulation of myeloidderived suppressor cells in tumors and suppression of antitumor immunity [41] [42] [43] [44] [45] [46] , and VEGF/VEGF receptor blockade has been shown to reduce myeloid-derived suppressor cells in tumors and blood in preclinical tumor models 16, 47 and human cancers 22 . The improved clinical outcome associated with atezolizumab + bevacizumab compared with atezolizumab monotherapy in the immunesuppressed T eff High Myeloid High subgroup suggests that the addition of bevacizumab to atezolizumab may overcome innate inflammation-mediated resistance in these tumors. Although these findings require validation, the molecular subgroups identified in this study may have discriminatory characteristics with potential broad relevance for application of antiangiogenesis and checkpoint inhibitor-based therapies across a spectrum of cancers, in which VEGF expression may contribute to tumor immunosuppression. Notably, a recent study investigating chemotherapy in combination with atezolizumab + bevacizumab in NSCLC reported improved efficacy versus chemotherapy and bevacizumab alone 48 . The combination of atezolizumab + bevacizumab is also under evaluation in hepatocellular carcinoma, gastric, and ovarian cancer (NCT02715531, NCT03038100).
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basis of immunogenicity in RCC remains to be identified, and other determinants of immunogenicity such as clonal indels 36 and expression of endogenous retroviruses 49 warrant further investigation. Retrospective data from a heterogeneous population recently linked PBRM1 mutations with response to immune checkpoint inhibitors in renal cancer 50 . Our data does not support this finding.
In agreement with other recent reports in first-line mRCC 40, 51 , our data instead suggest association of PBRM1 mutations with improved outcome to sunitinib. Differences in the patient population and study design may account for these differences.
The combination of ipilimumab + nivolumab recently showed improved overall survival in all randomized patients, compared and PD (progressive disease)) for each treatment arm. No apparent difference was observed between response groups in the sunitinib (two-tailed t test, P = 0.06), atezolizumab + bevacizumab (two-tailed t test, P = 0.14), and atezolizumab monotherapy arms (two-tailed t test, P = 0.93). The violin plots show the kernel probability density of the data. The point indicates the mean TMB or TNB in each group, while the bars represent the 95% CIs of the mean. Sample numbers per group indicated above the violin plots. b, Presence of loss-of-function mutations in genes of interest across 201 tumors. Based on functional prediction of mutation consequence, mutations were categorized as frameshift, splicing, missense, nonsense, or in-frame. The overall prevalence of mutations for each gene is shown on the left as percentages. In addition, TMB is shown. c, Patients were divided into two groups based on the presence of loss-of-function mutations (mutant vs. nonmutant). The probability of PFS for these two groups is shown for each treatment arm. HR and CIs were extracted from Cox proportional hazard regression models, comparing the mutant group with the nonmutant group. Censored data are indicated by vertical tick marks in Kaplan-Meier curves. Median survival time per group is indicated. P values reported are for descriptive purposes only and were not adjusted for multiple comparisons. Sample numbers per group and timepoint indicated below the graphs.
with sunitinib in patients with previously untreated mRCC, while no PFS benefit was observed in all randomized patients. 52 . Ad hoc analysis of the IMDC prognostic risk groups, derived from clinical data reported at screening, revealed a concordance rate of 78% overall between the two prognostic risk models in the atezolizumab + bevacizumab versus sunitinib arms and corroborated antitumor activity of the combination therapy as measured by PFS across risk groups.
The work presented here is limited by the size and hypothesisgenerating nature of the study, requiring further evaluation of the clinical and biomarker findings in larger randomized trials. Ongoing phase 3 trials investigating the combination of VEGF and PD-L1/PD-1 inhibition will provide further insights into the role of biomarkers and prognostic risk scores for cancer immunotherapy in mRCC (IMmotion151 (NCT02420821), NCT02684006, NCT02853331, and NCT02811861).
Overall, data from IMmotion150 suggest that atezolizumab + bevacizumab may particularly enhance PFS benefit in patients with pre-existing antitumor immunity (as determined by a high T eff score and PD-L1 IC expression) compared with sunitinib. In addition, we report comprehensive biomarker analyses that expand our understanding of the biology of kidney cancer and may identify patient populations that derive benefit from sunitinib, atezolizumab, or the combination of atezolizumab + bevacizumab to enable personalized therapy in patients with mRCC. Furthermore, our findings identify myeloid inflammation as a potential mechanism of innate resistance to atezolizumab monotherapy in mRCC that may be overcome by the addition of bevacizumab. The findings from this study will be evaluated in the phase 3 study IMmotion151, which will examine atezolizumab + bevacizumab versus sunitinib in first-line mRCC, and the phase 3 IMmotion010 trial, which will examine atezolizumab in the adjuvant setting.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41591-018-0053-3.
Study design and outcomes. IMmotion150 (NCT01984242) is a prospectively designed, phase 2, multicenter, randomized, open-label study conducted in 96 institutions that was designed to evaluate the safety and provide preliminary evidence of activity of atezolizumab + bevacizumab vs. sunitinib, and atezolizumab monotherapy vs. sunitinib, as well as to inform the study design of the phase 3 trial (IMmotion151; NCT02420821). The sample size was ~100 patients per arm, and a 70% event rate was deemed adequate for estimation of effect size (including median PFS and HR) in the ITT and PD-L1+ subgroups by the trial steering committee. While this study is large for a randomized phase 2, its size allowed for subset analysis of biomarkers, thus increasing the study's relevance.
The original primary endpoint was PFS per Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST v1.1) via IRF in the ITT population. Although patients were stratified by ≥ 5% PD-L1 expression on IC, the definition of PD-L1 positivity was revised from ≥ 5% to ≥ 1% PD-L1 expression on IC, based on phase 1a data, and the study protocol was amended to create PD-L1 expression on IC as a co-primary endpoint of IRF-assessed PFS. This amendment likely contributed to the slight imbalance in the numbers of PD-L1+ patients between treatment arms (sunitinib, 59%; atezolizumab, 52%; atezolizumab + bevacizumab, 50%; Table 1 ). Secondary endpoints included investigator (INV)-assessed PFS, ORR, and duration of response (DOR) per RECIST v1.1, overall survival (OS), patientreported outcomes, and safety. Key exploratory objectives included evaluation of the relationship between the expression of predictive and prognostic exploratory biomarkers and their association with disease status and efficacy, as defined by ORR and PFS. All data are reported per IRF assessment, unless otherwise stated.
This study was conducted in full conformance with the International Conference on Harmonization E6 guidelines for Good Clinical Practice and the principles of the Declaration of Helsinki, or the laws and regulations of the country in which the research was conducted, whichever afforded the greater protection to the individual.
Participants. Eligible patients were ≥ 18 years of age, had a Karnofsky performance score ≥ 70, and had unresectable advanced or mRCC with a component of clear cell histology and/or sarcomatoid histology not previously treated with any systemic agents for RCC. Patients were required to have adequate hematologic and end-organ function. Patients were excluded if they had known active brain or spinal cord metastases, uncontrolled pleural/pericardial effusion or ascites, or uncontrolled hypercalcemia.
Randomization and masking. After written informed consent was obtained and eligibility determined, the study site obtained each patient's identification number and treatment assignment from the interactive voice/web response system (IxRS). Stratification factors at the time of randomization included Memorial Sloan Kettering Cancer Center (MSKCC) risk category 52 (low, intermediate, or high risk), prior nephrectomy (yes or no), and PD-L1 status (≥ 5% or < 5% PD-L1 expression on IC) as determined by IHC staining using the SP142 assay. Stratified permuted block randomization was used to assign patients in a 1:1:1 ratio to one of three treatment arms: atezolizumab + bevacizumab, atezolizumab alone, or sunitinib.
The study was open-label and allocation was unmasked.
Procedures. Study treatment consisted of atezolizumab 1,200 mg fixed intravenous dose + bevacizumab 15 mg/kg every three weeks, atezolizumab 1,200 mg fixed intravenous dose every three weeks, or sunitinib 50 mg/d orally for four weeks followed by two weeks of rest. On disease progression (as assessed by the investigator per RECIST v1.1), patients randomized to atezolizumab monotherapy or sunitinib had the option to cross over and receive the atezolizumab + bevacizumab combination in some regions (option was not available in Europe). Crossover and OS data are immature and not presented here but will be the subject of a future manuscript. In the absence of unacceptable toxicity, treatment with the combination continued until evidence of PD. Where permitted, patients in the atezolizumab-containing arms could continue to be treated beyond disease progression per RECIST v1.1 until lack of clinical benefit; those in non-European nations could cross over to atezolizumab + bevacizumab therapy at any time after disease progression per RECIST v1.1, provided all eligibility criteria were met.
During the study, each cycle was 6 weeks (42 d) in duration, and data on tumor measurement and survival status were collected for evaluation of PFS, milestone PFS (at 24, 52, and 76 weeks), OS, and ORR per RECIST v1.1. Tumor assessments occurred at baseline and every 12 weeks ± 5 business days after Cycle 1, Day 1, or more frequently if clinically indicated. Patients who discontinued first-line treatment or crossover treatment were followed up for survival approximately every 3 months until death, withdrawal of consent, loss to follow-up, or study termination. Patients who discontinued study treatment for reasons other than disease progression (e.g., toxicity) continued to undergo scheduled tumor assessments (every 12 weeks) until death, disease progression per RECIST v1.1, withdrawal of consent, or study termination, whichever occurred first.
Statistical analysis. Kaplan-Meier methodology was used to estimate the median PFS for each treatment arm, and Kaplan-Meier curves were produced. PFS was defined as the time from the date of randomization to first occurrence of PD or death from any cause, whichever occurred first. Patients without PD or death were censored at the last assessment date. If no assessment was performed, data was censored at the randomization date. The primary analysis was triggered when 140 INV PFS events occurred among patients treated with atezolizumab + bevacizumab and with sunitinib or among patients treated with atezolizumab alone and with sunitinib, whichever occurred later. The HR estimates and their 95% CIs were determined by using the stratified Cox proportional hazards model. The stratification factors included prior nephrectomy, tumor PD-L1 status, and MSKCC score, and were determined based on data from the electronic case report form; if such data were missing, data collected by the IxRS at the time of randomization were used. Descriptive statistics include means, medians, ranges, and s.d., as appropriate. Interim analyses occurred before the analysis presented here, and endpoints were modified during the trial to help inform the randomized phase 3 study. The analysis, therefore, was exploratory. The patient-reported outcomes of symptom severity and interference with daily functioning were collected using the MD Anderson Symptom Inventory and will be the subject of a future manuscript.
Tumor specimens from patients acquired < 12 months before study treatment were required for enrollment in the study. Tumor specimens were prospectively tested for PD-L1 expression on ICs by a central laboratory using the SP142 IHC assay (Ventana, Tucson, AZ). IC staining was defined as follows: any discernible PD-L1 staining of any intensity in IC covering < 1% or absent (IC 0), ≥ 1% to < 5% (IC 1), ≥ 5% to < 10% (IC 2), or ≥ 10% (IC3) of tumor area occupied by tumor cells and by associated intratumoral and contiguous peritumoral desmoplastic stroma. Statistical analysis of the biomarker component of this study focused on comparisons of the two study arms with the control arm. Analysis was also performed within study arms comparing high and low expression (Supplementary Table 2 ). A final component of this analysis explored outcomes specifically in the stromal high subpopulation, which appeared resistant to immune therapy. This analysis was ad hoc in nature.
Gene expression analyses. Whole-transcriptome profiles were generated for 263 patients using TruSeq RNA Access technology (Illumina). RNA-seq reads were first aligned to ribosomal RNA sequences to remove ribosomal reads. The remaining reads were aligned to the human reference genome (NCBI Build 38) using GSNAP 53, 54 : CD8A, EOMES, PRF1, IFNG, and CD274; myeloid inflammation [29] [30] [31] [32] [33] : IL-6, CXCL1, CXCL2, CXCL3, CXCL8, and PTGS2. These three gene expression signatures were defined based on previously published associations with their respective biology.
To calculate scores for each of these signatures, counts were first normalized using edgeR's normalization factors 56 , followed by filtering out genes with low coverage (i.e., not reaching 0.25 CPM (counts per million) in at least one-tenth of available samples) and log 2 -transformation using limma's voom 57 . Then for each sample, the average expression of all genes in a given signature was computed, and is reported as the sample's signature score. For each gene signature, patients were divided into two groups based on the median gene signature score of all tumors: high gene signature expression was defined as expression at or above median levels, and low gene signature expression was defined as expression below the median.
For the heatmap (Fig. 2a) , each patient was placed into high or low groups for all three gene expression signatures: Angio, T eff , and myeloid inflammation (based on median expression, as described above). Subsequently, patients were sorted by the combination of these three groups: first T eff Low patients are shown, sorted by myeloid inflammation high/low. Also, the ordering of the genes was predetermined, based on biological function. Z-score-transformed normalized counts are shown.
Whole-exome sequencing and variant calling. Whole-exome sequencing (WES) data was generated for 208 patients, sequencing DNA extracted from both tumor as well as peripheral blood mononuclear cells using the Agilent SureSelect v5 (51 MB) kit on a HiSeq 2500 (Illumina) sequencer. FASTQ reads were aligned to the human reference genome (NCBI Build 38) using GSNAP 53, 54 v. 2013-10-10 (parameters: '-M 2 -n 10 -B 2 -i 1 -pairmax-dna = 1000 -terminal-threshold = 1000 -gmap-mode = none -clip-overlap'). Duplicate reads in the resulting BAM file were marked using PicardTools, and indels realigned using the GATK IndelRealigner tool.
Somatic variants were called using a union of Lofreq v2.1.2 58 and Strelka 59 calls. Indel qualities were assigned to the alignments using 'lofreq indelqual -dindel' , and somatic mutations were called using 'lofreq somatic' with the '-call-indels' option. Strelka-based somatic mutations were called using the Strelka-provided configuration file strelka_config_bwa_default.ini, with the only modification being the setting 'isSkipDepthFilters = 1' instead of 'isSkipDepthFilters = 0' . Somatic mutations were annotated for effects on transcripts using Ensembl Variant Effect Predictor 60 on RefSeq-based gene models. To identify nonsynonymous mutations, mutations were retained when the most severe consequence was one of frameshift_variant, stop_lost, stop_gained, start_lost, initiator_codon_variant, inframe_insertion, inframe_deletion, missense_variant, coding_sequence_variant, or protein_altering_variant. For single-gene mutation status, allelic frequency of a variant had to be at least 5% for categorization of the patient sample as mutant.
Indel calling. Only Strelka 59 variant calls were considered for identifying indels. Predicted indels were further categorized into frameshift indels (fs_indels), inframe indels (inframe_indels), or other indels (other_indels). Frameshift indels included stop_lost, as there is novel sequence downstream of the indel, which from the point of view of neoantigen generation is equally effective as frameshift indels, although the functional impact is distinct as there is no truncation of sequence. Indels whose most severe effect was other than frameshift or in-frame indels were classified as other indels. All nonindel mutations were categorized as substitutions. A given genomic locus was categorized as one of the above classes, with no repetition, i.e., for the purpose of quantifying genomic mutation load in each of the above categories, one genomic mutation was counted only once, based on the most severe effect across all transcripts corresponding to that locus.
Neoantigen prediction. Expressed mutations were identified by tallying RNAseq alignments for identified mutations in the exome data using the tally Variants function from the R package VariantTools 61 . The neoantigen potential of each mutation was predicted after identifying HLA genotypes of the subjects and assigning the optimal HLA-neoepitope pair across all HLA alleles and 8-to 11-mer peptides containing the mutation, based on minimum IC50 value predicted by NetMHCcons 62 . HLA genotyping was completed on whole-exome data from PBMCs, using Polysolver 63 .
Biomarker association analyses. For testing associations between a continuous variable and a binary trait (Fig. 2b,d and Supplementary Fig. 7 ), two-tailed t tests were used. Otherwise, for testing associations between a continuous variable and a categorical variable with more than two levels (Fig. 2c) , likelihood-ratio test P values were calculated using ANOVA. For testing associations between two continuous variables, Pearson correlation coefficients were calculated ( Supplementary Fig. 5 ).
For testing associations of signature scores or mutational status with PFS, Cox proportional hazard regression models were fit, using survival as response and mutational status or signature score as terms, comparing high-to low-signature score tumors or mutant to nonmutant. For testing associations of TMB, TNB, indels, and FMB with PFS, patients were split into subgroups based on TMB/TNB quartiles. Unstratified Cox proportional hazard regression models were fit and likelihood-ratio test P values extracted. To achieve a normal distribution of the data, TMB and TNB were log 2 -transformed. We excluded 8, 32 and 41 patients with 0 predicted neoantigens, indels, or frameshift mutations, respectively, from mutation load analyses.
In bar graphs representing ORR and violin plots representing the distribution of TMB and TNB, respectively, the error bars indicate the 95% CIs. For ORR, these were computed using the Clopper-Pearson method 64 . For box plots, the actual box represents the middle 50% of the data, with the line in the middle indicating the median. The box edges (hinges) are the 25th and 75th percentiles. The lines (whiskers) show the largest or smallest observation that falls within a distance of 1.5 × the box size from the nearest hinge; if any observations fall farther away, they are considered outliers and are shown separately.
All P values reported are presented for descriptive purposes only and not adjusted for multiple testing. Biomarker associations with clinical outcomes are further discussed in the main text when the 95% CIs for HR did not cross 1 for PFS evaluation and when the 95% CIs were non-overlapping for ORR comparisons.
Role of the funding source. The funder of the study (F. Hoffmann-La Roche, AG.) provided study drugs and collaborated with academic authors on study design, data collection, analysis, and interpretation. All authors verify that IMmotion150 was conducted per protocol, which was approved by each site's independent ethics committee. Those committees are as follows: Asan Medical Center Ethicsnature research | life sciences reporting summary 
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
Software
Policy information about availability of computer code
Describe the software used to analyze the data in this study.
Clinical data were analyzed using SAS v9.4. Biomarker data were mostly analyzed using functionality of software packages available at Bioconductor. Sequencing data were aligned using GSNAP. Whole exome sequencing data were further processed using PicardTools and the GATK IndelRealign tool. Variants were called using Lofreq and Strelka and annotated using Ensembl Variant Effect Predictor. For neoantigen prediction, Polysolver, NetMHCcons and the R package VariantTools were used. RNA sequencing reads were quantified using the R package GenomicAlignments and normalized using edgeR/limma:voom. Survival analyses were performed using the R package survival and visualized with the help of the rmeta package. The heatmap was plotted using the R package ComplexHeatmap. The methods section gives a very detailed description of individual analysis steps.
For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
All materials used are commercially available and described in the manuscript.
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species).
VENTANA PD-L1 (SP142) Assay is a qualitative immunohistochemical assay using rabbit monoclonal anti-PD-L1 clone SP142 intended for use in the assessment of the PD-L1 protein in formalin-fixed, paraffin-embedded (FFPE) tissue stained with OptiView DAB IHC Detection Kit and OptiView Amplification Kit on a VENTANA BenchMark ULTRA instrument. Catalog # 740-4859. http://www.ventana.com/ product/1827?type=2357
